Histological alterations in the liver of sea bream, Sparus aurata L., caused by short-or long-term feeding with vegetable oils. Recovery of normal morphology after feeding fish oil as the sole lipid source A short-term trial (3 months) and longterm trial (6 months) were carried out feeding sea bream with the following experimental diets: FO100%; SO60% + FO40%; RO60% + FO40%; LO60% + FO40%; SO + RO + LO60% + FO40%. Finally, all groups from the long-term trial were fed with FO100% for 95 days (washout period). Liver samples were taken for histological and biochemical studies. In both the short-and long-term trials, livers of sea bream fed LO60% and SO + RO + LO60% showed a similar hepatic morphology to that observed in fish fed FO100%. In contrast, sea bream fed SO60% showed an intense steatosis, with foci of swollen hepatocytes containing numerous lipid vacuoles. After the washout period, a considerable reduction of the cytoplasmic vacuolation and the lipid vacuole accumulation were observed in the livers of fish fed the different experimental diets. The results of this study suggested that the type of non-essential fatty acid, characteristic of vegetable oils, induces the appearance of steatosis in the following order: linoleic acid > linolenic acid > oleic acid. However, the liver alterations found during the experimental periods with vegetable oils are reversible when the fish are re-fed with a balanced diet (FO100%), indicating the non-pathological character of these histological changes.
This study evaluated the effects of fish oil (FO) replacement by vegetable oils [soybean oil (SO), rapeseed oil (RO), linseed oil (LO)] and subsequent feeding with FO on the liver morphology of sea bream. A short-term trial (3 months) and longterm trial (6 months) were carried out feeding sea bream with the following experimental diets: FO100%; SO60% + FO40%; RO60% + FO40%; LO60% + FO40%; SO + RO + LO60% + FO40%. Finally, all groups from the long-term trial were fed with FO100% for 95 days (washout period). Liver samples were taken for histological and biochemical studies. In both the short-and long-term trials, livers of sea bream fed LO60% and SO + RO + LO60% showed a similar hepatic morphology to that observed in fish fed FO100%. In contrast, sea bream fed SO60% showed an intense steatosis, with foci of swollen hepatocytes containing numerous lipid vacuoles. After the washout period, a considerable reduction of the cytoplasmic vacuolation and the lipid vacuole accumulation were observed in the livers of fish fed the different experimental diets. The results of this study suggested that the type of non-essential fatty acid, characteristic of vegetable oils, induces the appearance of steatosis in the following order: linoleic acid > linolenic acid > oleic acid. However, the liver alterations found during the experimental periods with vegetable oils are reversible when the fish are re-fed with a balanced diet
Introduction
The increasing global demand for fish oil (FO) and the unpredictability of its production may require the use of vegetable oils in commercial aquafeeds (FAO 1997) . Partial replacement of FO by certain vegetable oils has proved feasible in several species without affecting growth (Caballero, Obach, Rosenlund, Montero, Gisvold & Izquierdo 2002; Bell, McGhee, Campbell & Sargent 2003; Izquierdo, Obach, Arantzamendi, Montero, Robaina & Rosenlund 2003; Regost, Arzel, Robien, Rosenlund & Kaushik 2003) . However, the effects of these oils on lipid metabolism and health of fish still remain unclear, particularly in marine fish where fish meal and oil provide the only source of highly unsaturated fatty acids, essential for these species. Dietary inclusion of vegetable oils may lead to imbalances in the essential or non-essential fatty acids, affecting tissue integrity.
Lipid metabolism is mainly regulated by the liver, including both the synthesis and degradation of fatty acids, and several enzymes regulating these pathways show varying affinities for the different fatty acids available in the organ (Kiessling & Kiessling 1993; Henderson 1996) , thus imbalances in the dietary fatty acids could modify the functioning and morphology of this organ. In addition, liver functions as a main energy reservoir, frequently in the form of triacylglycerols (TGs), in certain species such as cod (Lie, Lied & Lambertsen 1986) , sea bream or seabass (Kaushik 1997) . Thus, when dietary lipid or energy exceed the capacity of the hepatic cells to oxidize fatty acids, or when protein synthesis is impaired, the result is the large synthesis and deposition of TG in vacuoles, leading to a morphological pattern known as steatosis. Liver steatosis has been frequently observed associated with nutritional imbalances in cultured fish (Tacon 1996) . In sea bream, steatosis has been observed as a result of an increase in the dietary lipid content (Caballero, López-Calero, Socorro, Roo, Izquierdo & Fernández 1999) , an essential fatty acid deficiency (Montero, Robaina, Socorro, Vergara, Tort & Izquierdo 2001) , the use of artificial diets (Spisni, Tugnoli, Ponticelli, Mordenti & Tomasi 1998) and the inclusion of vegetable oils (Alexis 1997), although its effect in the correct functioning of the liver and its possible reversibility is not well understood. Whereas some authors consider steatosis as a physiological adaptation to the diet (Segner & Witt 1990; Caballero et al. 1999) , others stress the pathological significance of steatosis (Mosconi-bac 1990), even if necrosis or cellular damage is not found, arguing that longer periods of feeding would irreversibly damage the tissue.
Gilthead sea bream, Sparus aurata L., is the most important marine fish species in Mediterranean aquaculture. High-energy commercial feeds cause large lipid accumulations in the liver of this species which is of concern to fish producers. Thus, the objectives of this study were to compare the effect of low and high levels of vegetable oils in practical diets for sea bream, to determine the effects of long-term feeding of such diets on the progression of liver steatosis, and on the ability of the fish to recover the initial liver morphology after a washout period of feeding FO after feeding with vegetable oils.
Materials and methods

Fish
The experiments were carried out at the Instituto Canario de Ciencias Marinas (Canary Islands, Spain) and all fish were obtained from a local fish farm (ADSA, San Bartolomé de Tirajana, Canary Islands, Spain). A short-term trial was carried out with gilthead sea bream for 101 days. A total of 300 gilthead sea bream of 10.06 g mean initial body weight were randomly distributed in 100 L polyethylene circular tanks (20 fish/tank). Tanks were supplied with continuous sea water (36&) flow and aeration. Fish were fed under natural photoperiod conditions of approximately 12 h light/12 h darkness. Water temperature and dissolved oxygen during the experimental period ranged between 20.0 and 24.2°C and 5.04 and 8.32 mg L )1 . Fish were acclimatized to the experimental tanks and fed the control diet for 2 weeks before the beginning of the experiment. They were fed the experimental diets until apparent satiation three times a day, at 9.00, 12.00 and 15.00 hours, 6 days per week. Each diet was assayed in triplicate. Samples of liver were taken for histology and biochemical composition.
A long-term trial was carried out on gilthead sea bream for 6 months. A total of 1560 gilthead sea bream juveniles of 79 AE 8.0 g mean initial body weight were distributed in 24 500 L fibreglass tanks in groups of 65 fish. Each tank was provided with continuous sea water and air flows. During the experiment, water temperature ranged between 21 and 24°C and dissolved oxygen between 6.0 and 8.0 mg L )1 . Fish were subjected to a natural photoperiod of approximately 12 h light/12 h darkness. Fish were fed a commercial diet (Proaqua S.A., Dueñas, Spain) for 2 weeks to allow acclimatization to the culture system before the feeding trial started. Fish were fed to apparent satiation three times a day, 6 days a week for 6 months until they reached a final body weight of about 450 g, which is a standard commercial size for the Mediterranean market. The experimental diets were fed to triplicate groups of fish. Samples of liver were taken for histology at the intermediate (3 months) and the end of the experimental period (6 months). Subsequently, all the remaining fish fed the different experimental diets were fed only the control diet (100% FO) for 95 days (washout period).
Experimental diets
For the short-term trial, five isoenergetic and isoproteic (46%) experimental diets were formulated with a constant lipid content of about 25%. Extruded diets were produced as 2 and 3 mm pellets by Nutreco ARC (Stavanger, Norway). Anchovy oil was the only lipid source added in the control diet (FO diet) (Table 1) . Anchovy oil was included in the other experimental diets at a level high enough (40% of FO diet) to keep the n-3 HUFA levels well over 3% in order to cover the essential fatty acid requirements of this species (Montero, Tort, Izquierdo, Socorro, Robaina, Vergara & Fernández-Palacios 1996) . Thus, whereas the FO diet contained 6.71% n-3 HUFA on a dry weight basis, the other experimental diets contained from 3.5 to 4% (Table 2) . Soybean oil (SO), rapeseed oil (RO), linseed oil (LO) and a combination of the three vegetable oils were used in the diets SO, RO, LO and Mix, respectively, as complementary lipid sources to replace 60% of the FO used in the FO diet. Mainly due to the different linoleic acid contents of the plant oils used, the n-3/ n-6 ratio markedly differed among the experimental diets, ranging from 0.8 in the SO diet to 3.3 in the FO diet (Table 2) .
For the long-term trial, five experimental diets were formulated to be isoenergetic and isonitrogenous containing 22% crude lipid and 45% crude protein. While the control diet (100FO diet) contained anchovy oil as the only added lipid source, in all the other diets anchovy oil was partly replaced by vegetable oils (Table 3) . Sixty per cent of anchovy oil was replaced by either SO, RO or LO in diets 60SO, 60RO and 60LO whereas 80% was replaced by either SO or LO in diets 80SO and 80LO. Anchovy oil was included in all diets at a level high enough to keep the n-3 HUFA content over 3% in order to meet the essential fatty acid requirements of this species (Montero et al. 1996) . Analysis of the fatty acid composition of the diets (Table 4) showed the highest saturated fatty acid and n-3 HUFA content in diet 100FO, highest linoleic acid (18:2n-6) in diets 60SO and 80SO, highest linolenic acid (18:3n-3) in diets 60LO and 80LO and highest oleic acid (18:1n-9) in diet 60RO. Dietary ratios of n-3/n-6 differed among the experimental diets mainly due to the different 18:2n-6 content of the plant oils used, ranging from 1.4 in diet 100FO, to 0.5 in diet 60SO and 0.3 in diet 80SO. Diets 60LO and 80LO had an n-3/n-6 ratio higher than 2, mainly due to the higher 18:3n-3 content. Diets 80SO and 80LO had the lowest n-3 HUFA content, particularly in arachidonic acid (20:4n-6) (ARA), eicosapentaenoic acid (20:5n-3) (EPA) and docosahexaenoic acid (22:6n-3) (DHA).
Tissue processing for microscopy
For the short-term trial, four livers per tank were collected and dissected into small pieces and fixed at 4°C in 2.5% glutaraldehyde in 0.2 m phosphate buffer (pH 7.2). The pieces were then rinsed in phosphate buffer and post-fixed for 1 h in 2% osmium tetraoxide in 0.2 m imidazole buffer. They were then contrasted in 1.5% uranyl acetate and dehydrated in ethanol and propylene oxide before embedding in Epon/Aradilte (Angermüller & Dariush Fahimi 1982) . For each sampled fish, two blocks were taken at random. Serial semi-thin sections (1 lm) were stained with toluidine blue and basic fuschin (TB&BF) (Hoffman, Flores, Coover & Garrett 1983) and examined under light microscopy.
For the long-term and washout trials, four livers per tank were collected. Samples were fixed in 10% buffered formalin, dehydrated in a graded ethanol series and embedded in paraffin. Serial 4 lm sections were stained with haematoxylin and eosin (H&E) (Martoja & Martoja-Pierson 1970) . Evaluation of histological changes (nuclear displacement, cytoplasm vacuolization and infiltration of peripancreatic fat) was carried out using a fourgraded examination scheme: 0 ¼ not observed; 1 ¼ few; 2 ¼ medium; 3 ¼ severe.
Stereological analyses of liver
Stereological analyses were performed using the point counting method of Weibel (1979) . Volume density was estimated by placing a lattice of test points (P T ) on micrographs and by determining the number of these points (P Pi ) enclosed within profiles of the structure investigated. The volume density V Vi was calculated from V Vi ¼ P Pi /P T . Test points falling on extracellular space were subtracted from the total number of test points.
Volume density of hepatic lipid was determined on light micrographs (·400, TB&BF) using a test point with 322 systematically spaced points at a distance of d ¼ 5 mm (corresponding to 15 lm).
Biochemical analyses of the diets and liver
Lipids of diets and liver were extracted with a chloroform:methanol (2:1, v:v) mixture as described by Folch, Lees & Sloane-Stanley (1957) . The fatty acid methyl esters were obtained by transesterification with 1% sulphuric acid in methanol (Christie 1982) using heneicosaenoic acid (10% of total lipids) as internal standard. Fatty acid methyl esters were purified by absorption chromatography on NH 2 sep-pack cartridges (Waters, S.A., Milford, MA, USA) as described by Fox (1990) , and separated and quantified by gas-liquid chromatography following the conditions described by Izquierdo, Watanabe, Takeuchi, Arakawa & Kitajima (1990) . 
Statistical analysis
All data were statistically treated using ANOVA and Tukey's multiple range test (P < 0.05) (Sokal & Rolf 1995) .
Results
Growth
In the short-term trial, sea bream grew to a final average body weight of 64 g. No significant differences were found in mean body weights during the experimental period (Table 5 ). In the long-term trial, growth of sea bream fed diets 80SO and 80LO was significantly (P < 0.05) lower than that of sea bream fed the FO diet (Table 6 ). No clinical disease or mortalities were detected during the experimental periods.
Histological examination and stereological analyses of livers after short-term feeding trial
Liver of sea bream fed the FO diet showed regularshaped hepatocytes with large centrally located nuclei and some lipid vacuoles in the cytoplasm which did not significantly affect the size of the hepatocytes (Fig. 1a) . Similarly, livers of sea bream fed diets LO (Fig. 1b) and Mix had hepatocytes which were homogeneous in size with vacuolated cytoplasm. Sea bream fed diet RO showed few lipid vacuoles in the cytoplasm (Fig. 1c) . In contrast, sea bream fed diet SO had foci of steatosis with hepatocytes containing numerous varying-size lipid vacuoles (Fig. 1d) . Stereological results are shown in Table 7 . The volume of hepatic lipid was significantly higher (P < 0.05) in those fish fed diet SO, whereas livers of fish fed diet RO showed a low lipid content, even smaller than that in fish fed the FO diet.
Histological examination and visual evaluation of livers in the long-term feeding trial
After 3 months of feeding with the different experimental diets, livers of sea bream fed 100FO, 60LO and 60Mix showed a regular morphology of hepatic tissue with hepatocytes of medium size. Livers of sea bream fed 60SO and 60RO showed more voluminous hepatocytes with the nucleus displaced to the cellular periphery. Sea bream fed 80SO and 80LO showed a tendency for accumulation of lipids in the hepatocytes and the peripancreatic tissue.
After 6 months of feeding, the morphology of the livers from sea bream fed with different experimental diets was characterized by an increase in the cytoplasmic vacuolation, a marked nuclear displacement and in the severity of lipid infiltration (Table 8) , irrespective of the diet (Fig. 2a-c) .
Histological examination and visual evaluation after the washout period Table 8 shows the evaluation of histological changes in fish fed in the washout period. After this feeding period, substantial changes in hepatic morphology were observed in the livers of fish fed different experimental diets. These changes were characterized by a considerable reduction of the cytoplasmic vacuolation, which allowed a clear visualization of the cell nucleus in a central position. However, there was an increase of the infiltration of peripancreatic fat (Fig. 3a-c) .
Fatty acid composition of livers in the short-term feeding trial
Liver fatty acid composition clearly reflected the dietary lipids (Table 9 ). Livers of fish fed the FO *Different letters in the same column denote significant differences (P < 0.05) (mean AE SD) (n ¼ 12).
diet were higher in saturated fatty acids and n-3 HUFA, and those of fish fed the SO, RO and LO diets contained high levels of n-6, n-9 and n-3 fatty acids, respectively, whereas the liver fatty acid profile of fish fed the Mix diet more closely resembled the general profile of fish fed the FO diet. The n-3 HUFA content of liver of fish fed diets containing vegetable lipid sources showed a reduction in comparison with the levels found in fish fed the FO diet, resulting in relative reductions of about 48% (RO diet), 52% (LO and Mix diet) and 58% (SO diet).
Discussion
In the present study, the hepatic morphology of fish fed linseed or a mixture of vegetable oils at a 60% substitution level was similar to that found in fish fed only FO. This might be related to the hypolipidaemic effect of linolenic acid as found in mammals. For instance, Rustan, Christiansen & Drevon (1992) found that peroxisomal fatty acid oxidation in rats fed an LO-rich diet was not *Different letters in the same column denote significant differences (P < 0.05) (mean AE SD) (n ¼ 12).
significantly different from that caused by feeding FO. Dietary alpha-18:3n-3 also significantly increased the mRNA levels of hepatic fatty acid oxidation enzymes including carnitine palmitoyltransferase I and II, mitochondrial, acyl-CoA oxidase and mitochondrial and peroxisomal 3-ketoacyl-CoA thiolases in rats (Ide 2000) . In contrast, an intense steatosis was observed in those fish fed SO. Kalogeropoulos, Alexis & Henderson (1992) also described a high liver accumulation of 18:2n-6, even in sea bream fed low linoleic acid levels. This could be related to the lipogenic effect of linoleic acid described in mammals, as diets rich in this fatty acid increase the fatty acid synthase and glucose-6-phosphate dehydrogenase activities (Ide 2000) . Thus, Ikeda, Cha, Yanagita, Nakatani, Oogami, Imaizumi & Yazama (1998) have shown that the concentration of serum and hepatic triacyglycerols is higher in rats fed a rich linoleic acid diet than those fed rich n-3 PUFA or linolenic acid diets. This effect might be also attributed to a lower oxidation capacity of linolenic acid. In both mitochondrial and peroxisomal pathways in rat liver homogenates, the palmitoyl-CoA oxidation rate was reduced by feeding oils rich in 18:2n-6 (Kabir & Ide 1996; Kumamoto & Ide 1998) . In sea bream, recent enzymatic studies (Menoyo, Izquierdo, Robaina, Ginés, López-Bote & Bautista 2004) have shown that the percentage of induced oxidation in livers of sea bream fed SO was 21 and 11% lower than in sea bream fed FO or LO, respectively. Larval studies (Izquierdo, Socorro, Arantzamendi & Hernández-Cruz 2000) have also reported that the accumulation of lipid vacuoles in the basal zone of the enterocyte caused by feeding diets without lecithin supplementation disappeared when 0.1% phosphatidylcholine (PC) was added to the diet regardless of its (squid or soybean) origin. However, squid PC was more efficient in reducing hepatic steatosis than soybean PC, denoting the lower b-oxidation of the 18:2n-6.
The low percentage of lipid vacuoles found in the livers of sea bream fed RO could be related to the reduced activity of the fatty acid synthase enzyme found in these livers (0.057 IU mg Izquierdo, unpublished data) , as a consequence of high 18:1n-9 content in this diet. In mammals, oleic acid is known to have a similar hypolipidaemic effect to that of n-3 fatty acids, although to a lesser extent (Halvorsen, Rustan, Madsen, Reseland, Berge, Sletnes & Christiansen 2001) .
The increase in the cytoplasmic vacuolation, the marked nuclear displacement and the severity of lipid infiltration observed in the livers of sea bream after 6 months of feeding the experimental diets confirmed the tendency for accumulation of lipids in the livers of other cultured species (Shearer 1994; Wathne 1995) . However, after the washout period feeding only FO, there was a reduction in the lipid content of the livers, with a decrease in the cytoplasmic vacuolation of the hepatocytes and a lower nuclear displacement, livers recovering their original morphology. These morphological changes are in agreement with the recovery of highly unsaturated fatty acids found in several tissues by M.S. Izquierdo, D. Montero, L. Robaina, M.J. Caballero, G. Rosenlund & R. Ginés, unpublished data after this washout period. High intake of HUFAs (mainly EPA and DHA) prevents lipid accumulation as it induces lipid oxidation (Frøyland, Helland, Totland, Kryvi & Berge 1996; Totland, Madsen, Klementsen, Vaagenes, Kryvi, Frøyland, Hexeberg & Berge 2000) . In addition, EPA decreases the availability of fatty acid for TG synthesis, reducing the diacylglycerol acyltransferase (DGAT) activity (Berge, Madsen, Vaagenes, Tronstad, Gottlicher & Rustan 1999) . Therefore, the decrease of the lipid content, and the reduction of the cytoplasmic vacuolation and nuclear displacement observed in the livers of the washout period could be a consequence of the metabolic actions associated with the EPA and DHA acids. Enzymatic analyses are being conducted to elucidate the metabolic effects of these fatty acids in sea bream. In summary, the results of this study confirm that the reduction of the dietary essential fatty acids due to the inclusion of vegetable oils in the diets tends to promote fat accumulation in the livers of sea bream. However, not only the reduction of essential fatty acids in diets but also the type of non-essential fatty acid included in the diet seems to affect the hepatic morphology. Thus, it is possible to establish an order between the characteristic fatty acids of the vegetable oils and the appearance of steatosis, i.e. linoleic acid > linolenic acid > oleic acid. Finally, the results show that the morphological alterations found in the livers are reversible when the fish are re-fed with a balanced diet, denoting the nonpathological character of these liver alterations. 
